Exposure to the water pollutant trichloroethylene (TCE) can promote autoimmunity in both humans and rodents. Using a mouse model we have shown that chronic adult exposure to TCE at 500 lg/ml in drinking water generates autoimmune hepatitis in female MRLþ/þ mice. There is increasing evidence that developmental exposure to certain chemicals can be more toxic than adult exposure. This study was designed to test whether exposure to a much lower level of TCE (0.05 lg/ml) during gestation, lactation, and early life generated autoimmunity similar to that found following adult exposure to higher concentrations of TCE. When female MRLþ/þ mice were examined at postnatal day (PND) 259 we found that developmental/early life exposure [gestational day 0 to PND 154] to TCE at a concentration 10 000 fold lower than that shown to be effective for adult exposure triggered autoimmune hepatitis. This effect was observed despite exposure cessation at PND 154. In concordance with the liver pathology, female MRLþ/þ exposed during development and early life to TCE (0.05 or 500 lg/ml) generated a range of antiliver antibodies detected by Western blotting. Expression of proinflammatory cytokines by CD4 þ T cells was also similarly observed at PND 259 in the TCE-exposed mice regardless of concentration. Thus, exposure to TCE at approximately environmental levels from gestational day 0 to PND 154 generated tissue pathology and CD4 þ T cell alterations that required higher concentrations if exposure was limited to adulthood. TCE exposure cessation at PND 154 did not prevent the immunotoxicity.
Trichloroethylene (TCE) is a halocarbon best known for its use as an industrial solvent, especially popular as a metal degreaser. Because of improper disposal over the years, TCE has contaminated many of the water systems in the US. Based on likelihood of exposure and an increasing appreciation of its toxicity TCE is on the list of 90 chemicals selected from the 85 000 chemicals in the Toxic Substances Control Act) Inventory as having the highest potential for exposure and hazard (US EPA Office of Pollution Prevention and Toxics, 2014) .
TCE is classified as carcinogenic in humans (US Department of Health and Human Services, 2015) . However, an even more sensitive outcome associated with TCE exposure in humans is immunotoxicity (US EPA, 2011). Specifically, chronic TCE exposure in adults (occupational or environmental) has been linked to a variety of autoimmune and other hypersensitivity diseases including lupus, scleroderma, hepatitis, and diabetes (Byers et al., 1988; Czirjak et al., 1994; Dubrow and Gute, 1987; FlindtHansen and Isager, 1987; Gist and Burg, 1995; Hansen and Isager, 1988; Lockey et al., 1997; Saihan et al., 1978; Yanez Diaz et al., 1992) . Most epidemiological studies of TCE immunotoxicity have focused on adult occupational exposure since it is easier to document, and often involves relatively high exposure levels. This does not exclude environmental TCE contamination from playing a role in what would be considered idiopathic disease. However, this connection has been more difficult to document since people newly diagnosed with an autoimmune disease are rarely assessed for exposure to TCE, or any other environmental chemical.
The health hazards associated with environmental TCE exposure may be increased for particularly susceptible populations. For example, sensitivity to several immunotoxicants (eg, lead and tributyltin) has been shown to be uniformly greater in animal models if exposure occurred during development compared with adulthood (Luebke et al., 2006) . In fact, immune suppression in developmentally exposed offspring often occurred at toxicant doses that were ineffective in adults. Developmental sensitivity to toxicants has also been demonstrated in humans; prenatal exposure to polychlorinated biphenyls decreased the immune response to standard immunizations (Heilmann et al., 2006) . Prenatal exposure to polybrominated diphenyl ethers produced a persistent decrease in lymphocyte numbers (Leijs et al., 2009) . Aside from immune suppression, there is increasing evidence that adult onset autoimmune disease can be triggered by pre-and early postnatal toxicant exposure (Colebatch and Edwards, 2011; Langer, 2010) .
Developmental exposure to TCE in the environment can occur through several routes. Due to its lipophilicity (log K ow ¼ 2.61), TCE accumulates in breast milk. One study showed that 100% of breast milk samples from 4 U.S. urban areas had detectable levels of TCE (ATSDR, 2014) . Another more recent study detected TCE in 7 of 20 breast milk samples from mothers living in Nogales, Arizona (Beamer et al., 2012) . TCE exposure is also a possible concern for bottle-fed infants because they may ingest more TCE-contaminated drinking water on a bodyweight basis than adults. The functional consequences of gestational and early life TCE exposure have primarily been examined in the context of neurotoxicity (Gist and Burg, 1995) . However, children continuously exposed for 3-19 years beginning in utero to a water supply contaminated with solvents (with TCE being the predominant toxicant [267 lg/l]) had altered ratios of T cell subsets and increased levels of autoantibodies (Byers et al., 1988) . However, autoimmune disease was not assessed.
The autoimmune-promoting effects of TCE have been studied extensively in adult female MRLþ/þ mice because their sex and ill-defined genetic predisposition for autoimmunity mimic autoimmune disease development in humans. We and others have shown that exposure to TCE in the MRL mouse model results in expansion of memory CD4 þ T cells, serum antiliver antibodies, and T cell-mediated liver pathology commensurate with human idiopathic Autoimmune hepatitis (AIH) (Cai et al., 2007; Gilbert et al., 2006) . We have shown that continuous exposure to TCE in mice (gestation, lactation and early life) generated CD4 þ T cell alterations and early signs of tissue inflammation (Blossom et al., 2008; . These experiments were not extended past 6-8 weeks of age, and although they detected early signs of liver inflammation, they did not assess actual autoimmune disease. This study was designed to provide such an assessment. We tested whether gestation/ lactation/early life exposure to TCE at a concentration 10 000-fold lower than that shown to be effective for adult exposure could alter the immune system and trigger autoimmune disease.
MATERIALS AND METHODS
Mice and TCE exposure. Developmental exposure to TCE has been described . Following stratified randomization, 30 female MRLþ/þ mice (8 weeks of age; Jackson Laboratories, Bar Harbor, Maine) were paired with 8-week-old male MRLþ/þ mice (2 females and 1 male/cage), and divided into 3 groups that were given water with 0, 0.05, or 500 lg/ml TCE (10 dams per group). Maternal exposure to vehicle or TCEcontaining drinking water continued at the birth of the pups. Thus, the pups were exposed from gestational day 0 to postnatal day (PND) 0 in utero, and then from PND 0 to PND 21 via lactation. Once the female pups were weaned at PND 21 they were exposed to TCE directly in their drinking water until PND 154. Half of the female pups (8/treatment group were euthanized on PND 154). The other half of the female pups were retained, and given drinking water without TCE for the duration of the experiment, ie, PND 259 (8/treatment group). At PND 259 the mice were at about the same age as mice we have shown previously to develop AIH following adult only exposure to TCE (Gilbert et al., 2009) . Controls were given water containing only 1% Alkamuls EL-620, the reagent used to solubilize the TCE. All the drinking water was Ultrapure unchlorinated to assure that chlorination by-products do not confound the results. The TCE-containing drinking water was changed 3 times/week to offset degradation of TCE. The TCE concentration of 500 lg/ml approximates human occupational exposure. The lower TCE concentration of 0.05 lg/ml (aka 50 ppb) should yield a total mouse exposure approximating human environmental exposure. Both female breeders and resulting female offspring were weighed weekly and water consumption was monitored. TCE exposure (lg/kg/d) was based on the average amount of TCE-containing water consumed per cage (2-4 mice/cage) divided by the average mouse weight per cage and a previously calculated 20% degradation of TCE in the water bottles. Error bars represent cage variation. All studies were approved by the Animal Care and Use Committee at the University of Arkansas for Medical Sciences.
Pathology. Liver and kidney tissue harvested at PND 259 was stained with hematoxylin and eosin (H&E) and examined for pathology. Liver sections were examined microscopically and scored in a blinded manner by a veterinary pathologist for the severity of inflammation and fibrosis based on a 4-point scale (0-3), ranging from no change to severe, respectively) as described in Gilbert et al. (2009) . Kidney sections were examined for 4 criteria, each with individual scores ranging from 1 to 4, for a total possible score of 13. These included (i) lymphoplasmacytic infiltrate with scores of: (1) fewer than 3 foci, no nodule formation, fewer than 5 layers, (2) more than 3 foci, >5 layers or nodules, (3) affects >25% of section but <50%, and (4) affects >50% of section; (ii) Tubular regeneration with scores of: (1) fewer than 3 foci, (2) more than 3 foci but < 25% of tubules, (3) affects >25% of tubules but <50%, and (4) affects >50% of tubules; (iii) cystic glomeruli: dilation of bowman's space: no scores were greater than (1) focal lesion; and (iv) tubular protein with scores of: (1) fewer than 3 foci, (2) affects more than 3 foci, but <10% of tubules, (3) affects >25% of tubules but <50%, and (4) affects >50% of tubules. Liver pathology score was based on lymphoplasmacytic infiltrate ranging from 1 to 4 scored as: (1) focal or fewer than 3 layers of inflammatory cells; (2) more than 3 layers of cells and formation of nodules; (3) multiple nodules, or affects 5%-10% of the biliary region; (4) affects >10% of biliary region.
Serological markers of autoimmunity. Blood was collected from the retro-orbital sinus from individual mouse at study termination. Blood was allowed to clot at room temperature for 1 h and centrifuged at 1000 Â g for 30 min. The sera were collected and stored at À20 C until assay. Relative levels of Antinuclear antibodies (ANAs), specifically antisingle-stranded DNA (ssDNA) were determined by ELISA as described previously in . Antigen preparation: denatured calf thymus DNA (1 mg/ml from Sigma) was mixed with reacti-bind DNA coating solution (Pierce Biotechnology, Rockford, Illinois) and incubated in a glass tube on a rotator for 10 min before adding the solution to wells of a 96-well plate. Following an overnight incubation at 4 C, the plates were washed with a solution containing 1Â PBS and 0.5% Tween-20 (Sigma) and blocked by adding 0.2 ml/well 1Â PBS and 10% FCS. The plates were washed and the serum samples (1:100) were added to the wells (0.1 ml/ well) overnight at 4 C. Polyclonal biotinylated goat-antimouse immunoglobulin (Sigma) was diluted 1:1000 and added to the plates for 1 h at room temperature. The plates were developed with extravidin alkaline phosphatase and its substrate (p-nitrophenol) and measured by and ELISA reader at an absorbance of 405 nm.
Quantitative reverse transcriptase polymerase chain reaction assessment of T cell cytokines. Fluorescence-based quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) was conducted to measure mRNA expression of T cell cytokines Interferon-gamma (ifng), Tumor Necrosis Factor-alpha (tnfa), Leukemia inhibitory factor (lif), Interleukin-4 (il4), and Interleukin-2 (il2). RNA was isolated from naïve or effector/ memory CD4 þ T cells as described (Gilbert et al., 2012) . Fold differences (log 2 ) in expression were determined using expression levels of resting (unactivated) CD4 þ T cells of the appropriate subset of control mice as the control (1Â) expression level.
Antibody production. Using previously described methodology (Gilbert et al., 2009) , microsomal liver protein (30 mg) obtained from an untreated MRLþ/þ mouse was separated on 12% SDS-PAGE, electrotransferred onto nitrocellulose, and subsequently probed with sera (1:500) obtained from control or TCE-treated MRLþ/þ mice followed by horse radish peroxidase (HRP)-conjugated polyclonal goat antimouse IgG (1:4000). Densitometric analysis of mouse myeloma IgG (mIgG) run in adjoining lanes and detected by the HRP-conjugated polyclonal goat antimouse IgG was used to normalize exposure times for the individual Western blots. Prior to use in the Western blots, any mouse Ig present in the liver preparation was removed by immunoprecipitation in order to avoid confounding the results.
Phenotypic analysis of spleen cells. When the dams or female offspring were sacrificed at the different time points Spleens were removed from mice at study termination, minced to a cell suspension, and washed thoroughly with saline to remove red cells and debris. Total spleen cell numbers for individual spleens were determined by a Moxi Automated Cell Counter (Orflo, Ketchum, Idaho). Methodology for flow cytometry and analysis has been described in detail previously in . The spleen cell preparations for individual mice were assessed for percentages of CD4 þ T cells, CD8 þ T cells, and B cells, and percent of CD4 þ and CD8 þ T cells that were also CD62L l .
Monoclonal antibodies were purchased from Affymetrix eBioscience (Santa Clara, California). Freshly isolated splenocytes were stained with combinations of fluorescein isothiocyanate antiCD8 (clone 53-6.7), allophycocyanin antiCD4 (clone GK 1.5), and phycoerytherin antiB220 (clone RA3-6B2). Each monoclonal antibody was titrated prior to use to determine the optimal working concentration. Monoclonal antibodies and cells (1 Â 10 5 per well) were inclubated for 30 min at 4 C. The phenotypic analysis of 30 000 events per sample was carried out using a CyFlow ML (Partec GmbH, Munster, Germany). Data were analyzed by FCS Express (DeNovo Software) and presented as mean percentage 6 SDs. Fluorescence Minus One controls, and isotype Ig controls were included.
Statistics. The data are presented as means 6 SDs. Assays were conducted using samples from 8 to 12 individual mice per treatment group. Differences between experimental groups were tested first with 1-way analysis of variance (ANOVA). Where the F test was significant, subsequent pairwise contrasts were tested using a 2-sample t test by a Holm procedure in which pairwise contrasts were made relative to the control values. Pairwise comparison of liver pathology scores were conducted using the non-parametric Wilcoxin-Mann-Whitney test. The threshold for statistical significance was set at a ¼ 0.05.
RESULTS

General Effects
Any effects of the gestational and early life TCE exposure could not be attributed to overt toxicity in the dams; there was no difference in dam body weight, food, and water consumption, gestational time length, or litter size among any group (data not shown). Similarly, the TCE exposure at the concentrations used did not alter subsequent weight gain in the offspring (data not shown). The levels of TCE exposure in the offspring based on water consumption and body weight over time are shown in Figure 1 .
Splenic Cellularity
Changes in the cellular composition of the spleen were also examined in both dams and offspring as a means of charting TCE-induced alterations in the immune system. When the dams were examined shortly after their offspring were weaned, the TCE exposure had not changed the cellular composition of the spleen (Figure 2) . Similarly, TCE did not alter the percentages of total splenic CD4 þ T cells, CD8 þ T cells or B cells in the offspring, regardless of concentration or time point. TCE exposure did, however, increase total spleen cell numbers ( Figure  3A) . Thus, although percentages of CD4 þ T cells, CD8 þ T and B cells were not altered by TCE, the total number of these cells in the spleen was increased in mice exposed to 500 lg/ml TCE weaning at PND 21 to PND 154 was calculated in the offspring based on average body weight over time and average consumption of water containing either 500 or 0.05 lg/ml TCE. The offspring were also exposed to TCE during gestation and lactation due to the presence of TCE (500 or 0.05 lg/ml) in maternal drinking water.
( Figure 3B ). Late-occurring changes in peripheral CD4 þ T cells have been observed following adult exposure to TCE. These include expansion of the effector/memory (CD62L l ) subset of peripheral CD4 þ T cells (Gilbert et al., 2006) . This effect was observed in this study in mice exposed to either concentration of TCE, despite exposure cessation at PND 154 ( Figure 3C ). Because of the increase in spleen cell numbers caused by TCE, the absolute number of CD4 þ CD62L l T cells was also increased by TCE exposure ( Figure 3D ). In line with a TCE-induced increase in the percentages of effector/memory CD4 þ T cells, splenic CD4 þ T cells isolated at PND 259 from the mice exposed to TCE, regardless of concentration, demonstrated increased expression of proinflammatory cytokines Ifng, Il4, and Tnf following activation in vitro (Figure 4) . Thus, once triggered, the time-dependent TCE-induced expansion of effector/memory CD4 þ T cells, and production of proinflammatory cytokines proceeded even in the absence of continued TCE exposure.
TCE-induced Liver Pathology
Histopathology in the form of lymphoplasmacytic portal infiltrate and lobular inflammation in the liver was observed at PND 259 even though TCE exposure ceased at PND 154. The liver pathology commensurate with AIH was observed in mice exposed to TCE at either occupational (500 lg/ml) or environmental (0.05 lg/ml) levels ( Figure 5 ). As observed previously in mice exposed to TCE only during adulthood, the gestational and early life exposure to TCE did not generate significant kidney pathology such as might be expected in lupus nephritis. Thus, gestational and early life exposure to 500 lg/ml TCE, similar to adultonly exposure to the same concentration of TCE, generated liver, but not kidney pathology. Liver pathology was also generated in response to gestational and early life exposure to 0.05 lg/ml of TCE, a concentration 10 000-fold lower than the lowest concentration of TCE shown to cause hepatitis following adult-only exposure. This finding confirms the special sensitivity of the developing immune system to TCE exposure, and shows that the immune pathology initiated by gestational and early life exposure to TCE was not prevented by exposure cessation.
Other Indicators of TCE-Induced Autoimmunity Also examined as a potential marker of autoimmunity was serum levels of one type of ANA, namely antissDNA antibodies.
Although we have reported that higher concentrations of TCE can increase ANA levels early in the exposure, later effects of TCE on ANA levels can be difficult to detect as the baseline levels of these autoantibodies increase spontaneously in female MRLþ/þ mouse as they age. In this study the doses of TCE used were not sufficient to increase the level of antissDNA antibodies, even at the earlier time points ( Figure 6A ). Thus, TCE did not increase antissDNA antibody concentrations beyond their already high baseline levels in the MRLþ/þ mice. Based on the results of previous studies, we also examined sera for the presence of antiliver antibodies as another marker of AIH (Gilbert et al., 2009) . Microsomal liver protein obtained from an untreated female MRLþ/þ mouse was separated by SDS-PAGE and probed with pooled sera obtained from control or TCE-treated MRLþ/þ mice obtained at PND 259. Mouse mIgG run in adjoining lanes, and recognized by the secondary antimouse IgG, was used to normalize exposure times for the individual Western blots. As shown in Figure 6B sera from control mice at PND 259 contained little detectable antiliver antibodies. In contrast, sera obtained at PND 259 from mice exposed to 500 lg/ml until PND 154 contained numerous antibodies that reacted with liver proteins at several molecular weights ranging from approximately 75 to 16 kDa. Similarly, total pooled sera from all mice exposed to 0.05 lg/ml TCE until PND 154 reacted with liver proteins of different molecular weights. Since the results using group pooled sera could reflect the antiliver antibody production of a single outlier mouse, additional Western blotting was done using sera from 3 sets of paired mice from each treatment group. As shown in Figure 7A sera from control mice contained little antiliver antibody. In contrast, samples from 3 pairs of mice/treatment group obtained at PND 259 showed that mice exposed to 0.05 or 500 lg/ml TCE in drinking water until PND154 generated antibodies that recognized a range of liver proteins. Thus, the sera from mice exposed to TCE, regardless of concentration, demonstrated a diverse but robust antiliver antibody repertoire that appeared to recognize liver proteins of different molecular weight. Densitometric analysis of mouse mIgG run in adjoining lanes was used to normalize exposure times for the individual Western blots, and demonstrate the significant increase in the total amount of antiliver antibodies in the TCE-treated mice ( Figure 7B ).
DISCUSSION
Continuous exposure to 0.05 mg/ml TCE in drinking water from gestation to PND 154 was sufficient to promote later life autoimmune disease detected in female MRLþ/þ mice at PND 259. In this study, autoimmunity in the form of AIH was measured at the level of tissue pathology, and at the level of autoantibody production (liver reactive antibodies). The TCE-induced autoimmunity was detected 15 weeks after exposure ended, indicating that the immune liver pathology was not prevented by exposure cessation.
The finding that TCE administered in the drinking water can promote autoimmunity has important consequences for human health. Human exposure to TCE is not unusual, and can occur through several mechanisms. For example, TCE was recently detected in 17.5% of individuals living over a TCEcontaining plume in Texas, most likely due to vapor intrusion (Archer et al., 2015) . This route of exposure is not without risks; adverse birth outcomes have been correlated with TCE exposure through vapor intrusion from contaminated soil in New York State (Forand et al., 2012) . TCE can also be found in drinking water. A National Water-Quality Assessment conducted by the U.S. EPA's Office of Ground Water and Drinking Water detected TCE in 11.6% of urban wells, and determined that 8.19% of the population were served by ground and surface water systems in which TCE levels exceeded the Maximum Contaminant Level (MCL) of 5 ppb or 0.005 lg/ml (US EPA Office of Ground Water and Drinking Water, 2002). People using private wells (the source of drinking water for 15% of the people in the United States) may be at an especially high risk for TCE exposure. A recent assessment of private wells in rural Maryland found that 50 out of 300 wells tested had levels of TCE above 0.005 lg/ml, and as high as 0.26 lg/ml (DiCintio, 2016). A sampling of 615 wells (50% of which were used for drinking water) in the karst aquifers of northern Puerto Rico revealed that 26% contained TCE at concentrations that exceeded 0.005 lg/ml (Yu et al., 2015) . Consequently, it is likely that chronic exposure to levels of TCE above 0.005 lg/ml occurs for a subset of the population.
Up to 18% of the drinking water supply sources in the United States that are tested annually by the EPA are contaminated with TCE. (ATSDR, 2014) The mean, 95th percentile, and maximum concentrations of the positive samples were 0.003, 0.013, and 0.159 lg/ml (ppb), respectively in groundwater, and 0.005, 0.028, and 0.05 lg/ml, respectively in the surface water. To put these levels in perspective the EPA MCL for TCE in drinking water is 0.005 lg/ml, while some states (eg, New Jersey and Connecticut) have set their own MCL as low as 0.001 lg/ml (Connecticut Department of Public Health, 2014; New Jersey Department of Environmental Protection, 2005).
FIG. 7.
TCE exposure increased antiliver antibody production. A, Sera from pairs of mice in each treatment group collected at PND259 was pooled. Three representative pairs of sera/group were reacted with liver protein by Western blotting as described in Figure 6B . B, Densitometric analysis of total antiliver antibodies was normalized to mouse mIgG run in adjoining lanes as described in Figure 6 . The F test significance (P ¼ .0046) of the 1-way ANOVA was followed by a Holm procedure in which pairwise contrasts were made relative to the control values. *Significant with corresponding Holm P values.
The ATSDR has estimated that even when environmental levels of TCE in drinking water are under 0.005 lg/ml, the general population can be exposed to TCE at cumulative (ingestion and inhalation) levels of up to 53 lg/d (ATSDR, 2014) . This translates into approximately 4.8 lg/kg/d for an 11 kg toddler, and 0.75 lg/kg/d for a 70 kg adult. The cumulative exposure can be increased significantly when environmental levels of TCE are above the MCL. For example, in a recent survey TCE has been found in California drinking water sources with an average detected concentration ranging from 0.014 to 0.020 lg/ml in the contaminated samples (Williams et al., 2002) . Assuming a level of 0.02 lg/ml for TCE in contaminated drinking water, a cumulative exposure to TCE from ingestion, inhalation, and dermal contact, an individual could encompass more than 120 lg/d. This translates into 10.9 lg/kg/d for a toddler and 1.7 lg/kg/d for an adult, levels that would be even higher if the calculations were based on maximum rather than average contamination levels. In this study, the direct TCE exposure of the offspring, based totally on ingestion, ranged from an average of 15.5 6 0.7 lg/kg/d at PND 21 to 7.4 þ 0.9 lg/kg/d at PND154 for the mice given water with 0.05 lg/ml TCE. This means that the TCE exposure levels for those mice were not outside the realm of actual human exposure to the chemical. Environmental TCE exposure is not just an issue for adults. A study of TCE in breast milk in an area of Arizona with a mean concentration of 0.006 lg/ml TCE in the water supply led to the estimate that 5% of breastfed infants in that area were receiving TCE in excess of the U.S. EPA Reference Dose (Beamer et al., 2012) .
The tissue pathology commensurate with AIH in the mice exposed to TCE was accompanied by the development of autoantibodies that recognized liver proteins. The generation of antiliver antibodies in the control mice, despite their wellknown proclivity to generate ANA, was minimal. Interestingly, similar to patients with autoimmune disease, a diverse autoantibody profile was detected in the mice exposed to TCE. Patients with type I diabetes demonstrate heterogeneous autoantibody patterns against multiple autoantigens including tyrosine phosphatases, GAD65 and cytoplasmic islet cell antigens (Seissler et al., 1998) . The phenomenon of epitope spreading in which the autoantibody repertoire becomes more diverse over time is a feature of many autoimmune diseases including SLE, multiple sclerosis, pemphigus, bullous pemphigoid, and rheumatoid arthritis (Cornaby et al., 2015; Hashimoto et al., 2011; Kwon et al., 2016; Quintana et al., 2014; Sokolove et al., 2012) . It has also been noted in patients with AIH (Hintermann et al., 2011) . Autoantibodies reactive with liver-kidney-microsomal antigens and/or soluble liver antigen are used for diagnostic purposes, and are now known to encompass autoantibodies that recognize several liver proteins including CYP2D6, filamentous actin, vimentin, desmin, forminino-transferase cyclodeaminase, and UDP-glucuronosyl-transferase.
Although the reversibility of xenobiotic toxicity is very diverse, depending on the chemical and its mechanism of action, it generally occurs less often if the chemical is encountered during development. No recovery from vinyl chlorideinduced carcinogenicity in mice occurred after only 1 month of vinyl chloride exposure, with younger animals (2-months old) being even more susceptible than animals 6-or 12-months old at the initiation of exposure (Bhandari, 1983) . Gestational-only exposure to mercury in mice has been shown to cause persistent immune dysregulation that last until adulthood (Pilones et al., 2009) . Moderate prenatal alcohol exposure induced laterlife immune dysfunction in rats (Terasaki and Schwarz, 2016) .
The durability of the effects triggered by TCE exposure are still being defined. One of the most commonly reported negative health effects of TCE is a delayed-type hypersensitivity response found in adults exposed to occupational levels of TCE (Watanabe, 2011) . This response is accompanied by severe dermatitis, hepatitis, and positive patch test results for TCE and its main metabolite TCAH (trichloroacetaldehyde hydrate) (Huang et al., 2015) . It is usually reversible if the patient avoids further contact with TCE, and is treated with glucocorticoids. This reversal encompasses both the dermatitis and the hepatitis associated with the disorder. However, the immune pathology initiated by occupational TCE exposure is sometimes irrevocable, resulting in the death of approximately 20% of patients with TCE-induced hypersensitivity, even after they have been removed from the workplace (Jung et al., 2012; Tan et al., 1997; Xu et al., 2009) . Little is known about the reversibility of immune dysregulation caused by developmental TCE exposure. The results of this study showed that even at environmental exposure levels, the immune pathology triggered by developmental and early life TCE exposure was still detectable after exposure cessation. It is extremely unlikely that TCE was still present in measurable quantities in the offspring by PND 259. TCE has a terminal biological half-life of 120 min in rodents (Bruckner et al., 1989) . This increases the likelihood that the TCE-induced response observed in the study is truly autoimmune rather than a hypersensitivity response against persistent chemical in the body. Along these lines, the liver proteins targeted by the sera of the TCE-treated mice in this study came from an untreated mouse, suggesting that the antiliver antibodies are evidence of an autoimmune disease rather than recognition of TCE haptenated proteins.
This study presents novel findings demonstrating exposure of female MRLþ/þ mice to environmentally relevant levels of TCE following developmental exposure spanning gestation, lactation, and early life generated biomarkers of autoimmunity and expression of CD4 þ T cell proinflammatory cytokines similar to that found following adult exposure to higher concentrations of TCE. The fact that these observations were observed even after a approximately 15-week period of exposure cessation underscores the need for additional mechanistic studies to understand how these long-lasting effects persist long after toxicant exposure is discontinued.
